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Abstract 

Being easily fabricated, welded, biocompatible, having a high strength-to-weight ratio, withstanding comparatively high 
temperatures up to 800 °C and low modulus of elasticity make grade titanium and its alloys an important choice for automo- 
tive, biomedical and aerospace industries. In contempt of the different pleasant assets of Ti-6AI-4V alloy, the operation of 
this alloy is restricted especially when it comes to tribological and surface morphological characteristics. Enhancing these 
properties is important, for this purpose, a diversity of attempts and studies have been conducted. This paper mounts a review 
of morphological and tribological behaviors of titanium alloys including Ti-6AI-4V against different materials counting 
with carbide tools and other types of materials under dry and lubricated sliding conditions. The surface morphological, wear, 
and other properties have been discussed in this review article. 
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1 Introduction 


After realizing how important titanium alloys are for 
spacecraft, aircraft, missiles, medical development, auto- 
motive, and other applications [1], the US government 
started funding attempts with titanium. At this time, tita- 
nium was considered as the initial structural substance 
that receives such great scientific, financial, and political 
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alertness. An important development occurred in 1965 
as Per-Ingvar Branemark used titanium in the first den- 
tal implant [2]. As mentioned above, titanium alloys have 
many beneficial characteristics; they are used in heat 
exchangers due to their high temperature withstanding 
capacity and in aero plane engines as a reason of light in 
weight. This metal is 45% lighter than steel and as strong 
as it [3]. In addition, titanium alloys are used in tools and 
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jigs for molten metal since they have low thermal con- 
ductivity [4]. Its strengths to weight average makes them 
appropriate for biomedical and several other applica- 
tions [5]. Ti alloys have long been considered one of the 
most desirable materials in the aerospace and automotive 
industries because of their tremendous weight savings and 
specific strength advantages over Ni base superalloys. Ti 
alloys can be made more ductile by including Nb and Cr 
elements, but they can also be made stronger and more 
resistant to creep at temperatures more than 800 °C [6, 7]. 
Titanium alloys exhibit tensile strengths ranging from 
20,000 to more than 200,000 psi while the fatigue strength 
of this metal can have high-rise fatigue cycles and the melt- 
ing point of titanium alloy is 1668 °C [8]. There are four 
different categories of titanium Alloys which are alpha, 
beta, alpha—beta, and pure grades [9]. Each type provides 
specific assets, which means they will be used for dissimi- 
lar projects. Pure titanium does not consist of any alloying 
element, which makes them very ductile with low strength 
[10]. Alpha alloys give reliable strength at high tempera- 
tures and are easy to be welded; they are mostly created 
with aluminum [11]. Beta alloys are majorly used for pro- 
jects that need high tensile strength; they are heat treatable 
unlike alpha types [12], they use different types of stabilizers 
such as silicon or molybdenum. Because they combine the 
greatest qualities of two alloys, alpha—beta alloys are the 
most often utilized titanium alloys. Alpha and beta alloy 
bringing a balance between corrosion resistance, weight, and 
average strength [13]. These alloys are considered as heat 
treatable, and they combine both beta and alpha stabilizers 
[14]. Ti-6Al-4V (Ti64) titanium alloy also known as grade 
5 titanium alloy [15], which is used worldwide for being able 
to be applied at very high temperatures around 315.55 °C. 
In addition to its good ductility, it can be able to increase its 
strength through heat treatment [16]. This grade is mainly 
alloyed with 4% vanadium and 6% aluminum [17], it is 
mainly used in automobiles, reactional equipments, aircraft, 
biomedical applications [18], and in other industries [19]. 
Titanium and its alloys present meager wear resist- 
ance, tribological properties, and poor fretting when acting 
against even softer materials [20]. Low means of thermal 
conductivity is one of the causes behind the weak tribologi- 
cal characteristics of titanium, this is chiefly caused by low 
shear strength and dislocation of the thin film that consists 
of titanium dioxide leading to subsequent accelerated wear 
on the alloy’s surface [21]. Other disadvantages of titanium 
alloys include unstable and high frictional coefficient (COF), 
limited carrying-load occupation, low adhesive and abrasive 
wear resistance, and low hardness [22]. All of these flaws in 
titanium alloys have piqued tribologists’ interest in improv- 
ing the material’s surface morphological and tribological 
properties. Many avenues are, thus, addressed, ranging from 
chemical treatment, thermal oxidation, tribo-film generation, 
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surface hardening, chemical-thermo treatment, surface tex- 
turing, coatings, in addition to counter bodies [23]. 

The tribological behavior of titanium alloys may be 
determined using a few prior knowledge and approaches; 
however, depending on the application, relevant procedures 
should be used to boost the tribological nature of titanium 
alloys [24]. There upon, it is crucial for comprehensive 
research of the tribological properties of titanium alloy of 
the Ti—6Al—4V versus contrary counter bodies at various 
environmental conditions and under the scope of operating 
environments [25]. The main tribological contacts and sur- 
face morphological parameters to be investigated are friction 
and wear [26]. Experiments such as abrasive wear method, 
sliding wear method, and slurry corrosion are some of the 
most used methods for determining the wear characteris- 
tics of titanium alloys. A tribometer can be used to conduct 
sliding wear tests at elevated room temperature under disc- 
on-disc, ring-on-disc, pin-on-disc, etc. [27]. Consequently, 
cutting tools of diverse materials for example CBN, ceram- 
ics, carbides, and PCD are liable to wear mechanisms (diffu- 
sion, chemical dissolution, and adhesion) [28]. Understand- 
ably, the most tribological issue of titanium alloy when 
machining is tool wear. The most common wear observed 
during machining is on flank and rake face of the cutting 
tools [29, 30]. This wear significantly affects the machining 
performance in terms of power consumption [31], cutting 
temperature [32], surface finishing, etc. [33]. PVD-TiAIN- 
coated cutters are being used in cutting titanium alloys to 
augment the tribological properties of this material, due to 
their excessive wear resistance, good chemical stability, and 
top hot hardness [34]. When working with titanium alloys, 
such as metal cutting, the cutting tool grade and material 
selection is crucial. Basic knowledge about the performance 
of cutting tools are significant when performing the right 
selection of the material to be machined, shape and com- 
ponent type, surface quality level and machining conditions 
must be considered [35]. For cutting tools, several grades 
with distinct properties are used to differentiate materials 
with varying combinations of tensile and wear resistance, 
as well as hardness. In general, a successful cutting tool 
in a machining operation should be tough (bulk breakage 
resistance), hard (deformation and flank wear resistance), 
chemically stable (diffusion and oxidation resistance), not 
reactive with thermal changes [36, 37]. Carbide inserts are 
the utmost used tools in the machining industry [38—40], 
while carbide is a chemical compound formed of carbon 
with an electronegative element. This material is classified 
into two sectors, metal carbides such as tungsten, tantalum, 
vanadium, and titanium [41]; non-metal types such as boron, 
silicon, and calcium. Metal carbides are the mainly used 
tools since they are resistant to high temperatures and have 
an extreme hardness that makes them suitable for cutting, 
drilling, polishing, and grinding [42, 43]. 
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2 Features and applications of titanium 
alloys for the aerospace industry 


Titanium has been utilized in the aerospace industry for 
many years because it is light in weight with exceptional 
resistance to corrosion and good strength. The desire for 
titanium alloys is rising due to their good compatibility with 
CFRP (Carbon Fiber Reinforced Polymer) concerning the 
coefficient of thermal expansion [44]. ITA (International 
Titanium Association) in 2012 reported that the demand for 
titanium will increase. In 1985, Sumitomo Metal and Nippon 
Steel firm started mercantile fabrication of titanium alloys 
after acquiring qualifications from Rolls-Royce and other 
domestic big manufacturing industries, these alloys were 
utilized for aircraft engines. Moreover, the company started 
supplying the Airbus industry with pure titanium which they 
used for airframes in 2002 [44]. A microstructure of mostly 
used titanium alloy (Ti6A]4V) is shown in Fig. 1. 

Titanium could be machined economically depending on 
the physical parameters of the metal [46]. Since there are 
various grades of titanium alloys that have different machin- 
ing characteristics, different production tools and conditions 
must be served. Better machining and healthy tool life of 
titanium alloys could be guaranteed if the subsequent recom- 
mendations are observed [47]: 


e using rigid setup between workpiece and tool, 

e maintaining sharper tools to decrease galling and heat 
buildup, 

e using a rich amount of fluids used for cutting to ensure 
that heat removal is maximum, and 

e removing chips from the machines regularly. 


Different grades of titanium alloys and their chemical 
elements in addition to their properties are registered in 
Table 1 [48]. Titanium (Ti) alloys are employed in several 
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Fig. 1 Microstructure of Ti6Al4V (Copyrights reserved) [45] 
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aircraft applications such as airframes (to reduce weight), 
engines (engine fans and compressors), and other applica- 
tions as revealed in Table 1 [44]. When the airplane is fly- 
ing, the outside temperature can be — 60 °C or even lesser, 
anyhow, titanium has good resistance to such low tempera- 
tures. Moreover, due to the high strength of titanium alloys, 
it is used in the manufacture of many parts used in aircraft 
engines and bodies [49]. At the same time, corrosion and 
fatigue resistance are quite high as well as wear resistance. 
Experimental and theoretical studies on the wear behavior of 
titanium alloys continue, since the production of parts pro- 
duced in aircraft engines and bodies, aerospace and military 
projects is in the form of casting or machining. The purpose 
behind the usage of titanium alloys in the aircraft industry is 
shown in Table | [44]. Also, it is deployed in scaffolds, and 
biomedical implants as shown in Fig. 2. 


3 Wear behavior of titanium and its alloys 


The wear behavior of a material is the interaction that occurs 
between the surfaces that chiefs to the removal and deforma- 
tion of material on the faces when sliding [60]. This param- 
eter is also defined as the loss of dimension due to plastic 
deformation. Erosion, corrosion, chemical processes, or even 
the combination of these leads to wear [61]. There are vari- 
ous types of wear which include: abrasive wear (scratches 
or corrugations causing material loss as a reason of sliding 
of hard surfaces), adhesive wear (debris produced welded 
on the material), surface fatigue (the cyclic loading weakens 
the material’s surface), erosive wear (interaction of sharp 
particles acting on a surface leads to this wear), and fret- 
ting wear (witnessed as a little shift of the surface contact 
under load) [20]. Various standard experimental methods are 
approved to govern the wear behavior of different metals. 
For each examination, wear type is to be observed. Exami- 
nations should be done at specific times and defined condi- 
tions. The wear coefficient is used to correlate and measure 
the wear of the material [21]. Examinations could be carried 
out using different devices such as disc-on-disc, ball-on-disc, 
ring-on-disc, and pin-on-disc. To illustrate, the pin-on-disc 
apparatus, a pin directed to a disc is shown in Fig. 3. The 
mechanism involves a force applied to the pin as the sam- 
ple is rotating. Friction force results are calculated using 
a strain-gage sensor while the wear coefficient of both the 
pin and the disc (sample) is calculated depending on the 
lost material during the experiment. The Pin-on-disc test 
is important since it helps to estimate the COF of the sur- 
face, wear resistance, adhesion, and lubricity parameters of a 
material [22]. Ti and its alloys are believed to have less wear 
properties. Especially, Ti surfaces when are in contact with 
other metals, easily gall under sliding conditions, fretting 
or contact [62]. 
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Table 1 The chemical elements and properties of different titanium alloys 


References 


[50] 


[51] 


[52] 


[53] 


[54] 


[55] 


[56] 


[57] 


Category 


Commercial pure 
titanium 


Metastable_ß-type 
titanium alloy 
a_type titanium alloy 


(a+ B)type titanium 
alloy 


(B)type titanium alloy 


B-type titanium alloy 


Near-o type titanium 
alloy 


B-type titanium alloy 


Typical chemical ele- 
ments 


JIS class 1-4 
ASTM GR 1—4 


Til5-3-3-3 
TiSAI2.5Sn 
Ti6Al4V 


Ti3AI2.5V 


Ti-Beta—21S 


Ti-10V—2Fe-3Al 


Ti—6Al-2Sn—4Zr-2Mo 


Ti-15V-3Cr-3Sn-3Al 


Properties 


Good formability 
(Grade1) 

Relatively high 
strength(Grade4, 
TS_700MPa) 

Age hardenability, Heat 
treatable 


Higher creep resistance 
Higher weldability 


Age hardenability 
Higher corrosion resist- 
ance 


Excellent creep resist- 
ance and 

Cold forming perfor- 
mance 


Deep hardenability, 
excellent creep stabil- 
ity, excellent forge- 
ability 

High strength and 
excellent corrosion 
resistance 


Highly formable, good 
room temperature 
bending properties 


Sample of applications 


Fuel storage tanks 


Aerospace, flat-rolled 
products 


Hydrogen tanks and 
pressure vessels 


Wing box, Fastener, 
Cockpit frame of the 
window 

Hydraulic pipe 


Biomedical sector 


Track beam, Landing 
gear 


Tail cone, Exhaust 


Duct 


(2022) 22:72 


Purpose 


Saving weight 


Resistant to heat 


Resistance at low tem- 
perature 


High resistance to cor- 
rosion 


Thermal expansion is low 
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Fig. 2 Titanium alloys, a titanium scaffolds (Copyrights reserved) [58], b biomedical implants (Copyrights reserved) [59] 


3.1 Wear of titanium and its alloys versus metallic 


counter bodies 


3.1.1 Dry sliding conditions 
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The current section converges on the wear nature of 
Ti—-6Al-4V alloy concerning distinct metallic bodies at 
ambient temperature and in a dry sliding environment. In 
the seek to figure out tribological parameters, Molinari 
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Fig. 3 Pin-on-disc apparatus 
(Copyrights reserved) [63] 
Force 
Transducer 


Button Type Wear Site 
Electrostatic Sensors 


(10 mm 6) 


et al. [64] performed dry sliding wear assessment for 
Ti-6Al-4V. They used the disc-on-disc method at constant 
humidity and ambient temperature. The materials used 
were of 40 mm diameter and 10 mm thickness specimens 
for the assessment. The experiments were done at sliding 
velocities ranging from 0.3 to 0.8 m/s for a sliding span of 
1770 m and both the specimens were Ti-6AI]-4V alloys. 
They noticed that the surge of applied load led to wear 
volume as shown in Fig. 4. Wear volume variation con- 
cerning diverse sliding speeds did not show any changes. 
On the other hand, a minimum rate of wear was found at an 
intermediate speed of sliding. The findings indicated that 
limited plastic deformation even at small loads, as well as 
low surface oxide protection. They also pointed out that 
increasing the mechanical characteristics of the surface is 
important in a way to preclude plastic deformation and to 
delay thermal softening, since these parameters root for 
mechanical insecurity of the surface and to elevate delami- 
nation. The aggregate concentration of the research was to 
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(a) (b) 


B.S. 534A99 
(En31) Pin 


Lubrication 


B.S. 534A99 
(En31) Disc 


have a notion of wear transition, from delamination wear 
to oxidative wear [64]. 

Hager et al. [65] examined Ti—6Al-4V disc against a 
counter body which is also a Ti-6A]—4V pin. Their purpose 
was to study fretting wear behavior at ambient temperature 
and 450 °C. At a 30 Hz oscillation speed, 4 replications 
were executed with different stroke lengths ranging from 45 
to 230 m. A normal load equal to 200 N was applied dur- 
ing each test, this load was decreased every 3 min by 10 N 
till it reached null. Frictional hysteresis was measured using 
a piezo-electro transducer and a laser measurement tech- 
nique. In ambient temperature fretting trials, they discovered 
that slip fretting occurs at higher loads [65]. When it comes 
to tribological applications, the major tribo-pairs used are 
titanium-steel pairs. Numerous studies were conducted to 
examine this relation. Straffelini et al. [66], examined the 
tribological relation amid Ti-6AI—4V and AISI M2 steel. 
The discs used for wear experiments had a thickness equal 
to 40 mm and the roughness of the specimen’s surface was 


Fig. 4 Sliding test results 80; T T T ae T TI 
(Copyrights reserved) [64] f ] 
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0.3 um. sliding experiments were executed via disc-on-disc 
layout under the input loads of 50, 100 and 200 N within 
the sliding speeds varying from 0.3 to 0.8 m/s. When the 
counter disc was fixed, steady-state conditions were achieved 
at a sliding length of 1770 m. The counter face discs were 
constructed of the similar Ti alloy or AISI M2 tool steel that 
had been quenched and tempered. They found that the wear 
rate displays the least value at 0.6 m/s when the counter 
disc is Ti-6AI-4V, while this rate decreased when sliding 
speed increased in case the counter disc is steel. Moreover, 
the wear rates enlarged clearly with the rise of input loads, 
but it was slightly a small rise. Friction coefficients variation 
was between 0.3 and 0.4, the peak values (0.35—0.4) were 
obtained at the minimum sliding speed. The SEM pictures 
of debris formation are presented in Fig. 5 [66]. 

A further study was carried out by Alam and Haseeb 
[67] under dry sliding circumstances, and the authors 
explored the tribological characteristics of Ti-24AI-11NB 
and Ti-6AI-4V against hardened steel. Ti alloys were sub- 
mitted to wear testing by utilizing a pin-on-disc device at 
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room temperature with the typical load ranging from 15 to 
45 N. Earlier to each trial, the discs and pins were cleaned, 
and dried with acetone. They discovered that the wear rate 
Ti-6AI-4V rapidly increases before reaching the steady- 
state, and the rise in the input load led to a surge in wear 
rate. The wear rate of Ti-24Al—-11NB was significantly 
lesser than Ti-6AI-4V, and this titanium alloys wear rate 
is around 48 times lower than Ti-6AI—4V. Moreover, the 
wear scar on Ti-24AI-11NB is shown in Fig. 6a and the 
wear debris of both alloys is presented in Fig. 6b and c [67]. 
Wear behavior is influenced by operating characteristics 
such as sliding distance, sliding velocity, and normal stresses 
applied. Qiu et al. [68] surveyed the wear characteristics of 
Ti-6AI4V alloy in dry sliding conditions under relatively 
high sliding speeds between 30 and 70 m/s. The wear and 
friction testing was done with a pin-on-disc tribometer; the 
material was Ti-6AI-4V acting as a pin and the disc was of 
steel GCr15. Sliding wear experiments were conducted at 
4 different pressure contacts of 0.33, 0.67, 1, and 1.33 MPa 
for a duration of 100 s. The friction coefficient (COF) was 


Fig.5 SEM pictures of produced debris in case of testing counter the AISI M2 body: a at 100 N and 0.3 m/s; b at 100 N and 0.8 m/s (Copy- 


rights reserved) [66] 


Fig.6 a Presence of grayish layer in case of wear scar on Ti-24Al-11NB, b SEM micrographs of wear debris of Ti-6AI-4V, c Ti-24AI-11NB 


(Copyrights reserved) [67] 
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recorded during these tests, thermal effects generated by 
friction were studied using thermocouples positioned 3, 6, 
and 9 mm from the pin center. The authors noted that as the 
sliding speed went up, the COF went down at a contact pres- 
sure of 1 and 1.33 MPa. With the increase of temperature, 
COF of Ti-6AI-4V rises then falls rapidly while the wear 
rate slowly increases until it reaches a constant value, then it 
rises again suddenly. The authors also identified that the tri- 
bological properties of Ti-6Al-4V were affected by mechan- 
ical-thermal parameters. The velocity of sliding increases 
the metallic Ti fraction drops and oxides proportion rises on 
damaged surfaces of Ti-6AI-4V. Cui et al. [69] studied the 
wear properties of Ti-6AI-4V at varied temperatures from 
20 to 400 °C under a dry sliding environment by means of 
a pin-on-disc wear tester. The counter body was made of 
GCr15 steel, and trials were executed in ambient air with 
applied loads of 50, 100, 150, 200, and 250 N at a sliding 
distance of 1.2 x 10° m and a sliding speed of 1 m/s. They 
discovered that at 20 °C, wear loss increases in a straight 
line as load increases, but at 200 °C, wear loss increases 
linearly throughout a wide range of loads (50-150 N). 
With a load of 50-100 N, wear loss diminishes abruptly 
at 400 °C, while it marginally increases from 100 to 200 N 
but increases faster at loads more than 200 N [69]. Fellah 
et al. [70] studied the tribological properties of Ti-6AI-4V 
against a steel ball (100Cr6) for hip prosthesis applications. 
Tribological experiments, ball-on-disc, and pin-on-disc were 
conducted; rotational speed and applied load were taken into 
consideration. Wear and friction tests were steered out in 
the ambient air condition. The authors found that the peri- 
odic and formation fracture of the transfer layer led to large 
friction fluctuations. Moreover, at higher sliding velocity, 
higher COF occurred. Jayachandran et al.[71], studied the 
dry sliding wear performance of the Ti-6Al-4V pin coun- 
ter to SS316L stainless steel disc at a persistent pressure 
contact. Pin-on-disc high temperature sliding assessments 
were done utilizing Ti-6AI-4V pins in counter to the stain- 
less steel discs at varying speeds from 0.01 to 1.5 m/s. It 
was noted that wear rates dropped marginally concerning 
sliding velocity up to 0.5 m/s, while benefit effects start to 
disappear after this speed. Liu et al.[72], conducted wear 
experiments through pin-on-disc apparatus, the materi- 
als used were Ti-6Al—4V pin and GCr15 steel as a disc. 
Ti-6Al-4V specimen was overheated at 760 °C for 60 min 
then cooled to obtain a hardness of 35 HRC, while the steel 
specimen was put in water at a temperature equal to 840 °C 
then it was pursued by tempering at a temperature equal 
to 150 °C to attain a hardness of 62 HRC. The pin was of 
diameter 9 mm, 20 mm long, and it was sliding counter to 
the disc which had a thickness of 10 mm and a diameter of 
70 mm. Both pin and disc surfaces were grinded to secure 
the roughness of 0.42 um and 3.20 um. Wear experiments 
were carried out at normal loads equal to 30 N within a 


Page7of23 72 


speed range of 0.2-1.2 m/s, the distance of sliding was 
1000 m. The authors noted that the COF varied from 0.33 
to 0.56 at low temperature, while it was higher at ambient 
temperature within a range of 0.68-0.84. The wear rate of 
Ti-6Al-—4V increased as sliding speed raised at both high 
and low temperatures. This rate showed an approximately 
linear variation versus sliding speed at ambient tempera- 
ture. In addition, Ti-6Al-4V surface morphology param- 
eters were affected hence damaged on the surfaces at low 
temperature. Conradi et al.[73], explored the tribological 
response of Ti—6Al—4V (laser textured) with dry and lubri- 
cated conditions using Hank’s solution. The material used 
was titanium alloy grade 5 in the aged-and-solution condi- 
tion. The alloy sheet of thickness equal to 1.55 mm was cut 
into discs of diameter equal to 25 mm. The surfaces of the 
discs were subjected to hand grinding utilizing paper with 
600 grit ensuing the surface irregularity of 0.185 um. The 
laser texturing method was carried out using LPKF nano- 
second laser; the processing velocity was 100 mm/s for dim- 
ples and 300 mm/s for lines. Tribological experimenting was 
conducted via a ball-on-flat apparatus under reciprocating 
sliding situations, tests were done in both lubricated (fully 
flooded) and dry conditions at room environment under an 
applied load equal to 5 N. Contact pressure was equal to 1 
GPa, sliding velocity was 5 mm/s and a sliding span was 
1000 m. The same distance of sliding was applied for both 
lubricated and dry conditions. The authors pointed out that 
the surface morphological behavior of Ti grade 5 alloy was 
improved hence, the frictional coefficient showed the lowest 
values under dry conditions in case of dimples, whereas, the 
wear resistance gave promising results for both conditions. 
Mao et al. [74], conducted dry sliding wear experiments on 
Ti-6Al—4V alloy using a pin-on-disc method; the applied 
normal load ranged between 50 and 250 N at a tempera- 
ture varying from 25 to 500 °C. The authors investigated 
the worn subsurfaces and surfaces for the composition and 
morphology of the tribo-layers. The material used was Ti 
grade 5 alloy (Fig. 7) for making pins and GCr15 steel for 
the disc. The wear rate rose linearly with increasing load at 
25-200 °C. With a load of 50—100 N, the wear rate reduced 
to the lowest value at 400-500 °C, then increased marginally 
under 100-200 N, and then speedily raised above 200 N; the 
worn surfaces were noticed under different conditions. Fur- 
thermore, delamination, adhesion, and abrasive wear were 
found at temperatures varying from 25 to 200 °C, whereas 
oxidative wear was significant at temperatures varying from 
400 to 500 °C. 

Jozwik [75] investigated the tribological performance of 
Ti grade 5 alloy at elevated and room temperatures (150 °C). 
The wear examinations were conducted in ball-on-disc tri- 
bometer device, Ti-6AI—4V was considered as disc and the 
counter material was aluminum oxide (A1,03) balls. The 
normal applied load was 5 N, the speed of 0.3 m/s, and the 
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Fig. 7 Pin microstructure (Copyrights reserved) [74] 


sliding length was equal to 400 m. The author found that the 
volumetric wear was average at room temperature while this 
value increased at elevated temperature. At an applied load 
of 5 N, the wear rate was of high at room temperature, the 
wear rate was equal to 0.52, whereas this rate decreased at 
elevated temperature to 0.49. Another study was conducted 
by Wang et al.[76], the authors examined the wear behavior 
of 2 different Ti alloys (Ti-6AI-4V, TC11) counter to AISI 
52100 steel at a temperature varying from 25 to 600 °C. 
The normal applied load was of a range equal to 50-250 N 
and both titanium alloys were subjected to severe-to-mild 
wear transition. The wear trials were steered under the dry 
sliding environment on a pin-on-disc device with a sliding 
speed of 1 m/s and sliding length of 1.2 x 10° m. The authors 
found that severe—mild transition of wear took place in both 
Ti alloys at a critical temperature of 400 °C (TC4 alloy) 
and 300 °C (TC11 alloy), moreover, these alloys gave a bet- 
ter wear performance above the critical temperatures com- 
pared to bad wear behavior below them. Feng et al. [77] 
investigated the quenching’s effect on the wear properties 
of Ti-6AI-4V alloy. They used Ti-6Al-4V specimens after 
being heat treated and quenched by means of water, oil, or 
liquid nitrogen. Wear tests were done by utilizing a pin-on- 
plate device, the pin used was a diamond tip and the tests 
took place under a dry sliding environment at a constant 
sliding velocity of 50 revs/min and a normal applied load 
of 5 N. The authors indicated that the use of the quench- 
ing medium could be implied to rise the surface hardness 
of the alloy from 400 to 800 VHN. Whereas the increase 
in surface hardness did not lead to the rise of wear resist- 
ance. Other studies were carried out in lubricated conditions 
and against various materials, Yang et al. [78] examined 
the tribological performance of Titanium alloys counter to 
tungsten carbide under oil lubrication and aqueous condi- 
tions. The tests were conducted via a ball-on-disc device, 
the balls were of tungsten carbide and the discs were of TC4 
titanium alloy. The authors found that the oil lubrication has 
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a better performance by reducing the friction, while SEE 
aqueous lubrication has a good anti-wear behavior since it 
decreased the abrasive and adhesive wear greatly. Luo et al. 
[79] observed the effect of bio-lubricants and their influence 
on tribological performance of Ti-6AI-4V alloy. Grade 5 Ti 
alloy was machined in square shape of 5 mm thickness; Sili- 
con Nitride (Si3N4) ball of diameter 4 mm was chosen for 
the wear experiment since silicon nitride has excellent wear 
resistance and well chemical stability. Tests were steered on 
a ball-on-flat apparatus under a dry condition in addition 
to three lubricant conditions. The applied load was 9.8 N, 
with a sliding velocity of 4 mm/s and a sliding length of 
6 mm. The authors indicated that the COF was heavily fluc- 
tuant with the dry condition and also the wear rate of the Ti 
alloy was high under the same condition. On the other hand, 
during lubrication situations including physiological saline, 
bovine serum, and deionized water, the wear rate and COF 
were reduced in general at three conditions but bovine serum 
gave better results. Alagic et al. [80] correlated the tribo- 
logical performance of orthopedic implant of Ti-13Nb-13Zr 
with Ti-6Al-4V grade 5 alloy. The experiments were done 
via a block-on-disc apparatus at ambient temperature. The 
applied load ranged from 20 to 60 N and the sliding veloc- 
ity ranged from 0.26 to 1 m/s. They noticed that Ti-6AlI4V 
alloy had better wear resistance performance when com- 
pared to Ti-13Nb-13Zr. 


3.2 Wear of titanium and its alloys against carbide 


Carbide tools are employed to remove material throughout 
the machining operation, the coating of carbide tools results 
in improved physical properties. A sample of the worn car- 
bide tools is shown in Fig. 8. Dry machining produced sev- 
eral parallel abrasion lines along the cutting inserts’ noses as 
a result of the lack of lubrication and coolant. When cutting 
at a specific speed under MQL conditions, tool wear was less 
severe, with no built-up edge or tool fracture. A lubricating 
layer generated over the cutting tool in MQL mode, reducing 
the contact between the cutting insert and work piece [81]. 
Liang et al.[82], conducted chemical and physical analysis 
to study tribological behavior of WC-6Co cemented carbide 
counter to Ti-6AI-4V alloy using the pin-on-disc technique 
at high temperature. The tribological trials were performed 
by a wear test device where the uncoated carbide pin was 
sliding against the Ti-6AI-4V disc. The diameter of the disc 
was 43 mm, and the pin was 4 mm. The temperature of the 
experiment was regulated by a heating device and ranged 
as 20, 320, 620, and 920 °C. The pressure was done by a 
hydraulic drive at 100 N to guarantee the close contact of the 
pin-on-disc. The authors noticed that lower COF and better 
stable states were found at high temperature (920 °C) unlike 
the values found at low temperature (20 °C); where COF 
was reduced from 0.56 at 20 °C to 0.36 at 920 °C as given 
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Fig.8 Different types of carbide insert (Copyrights reserved) [81] 
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Fig.9 Variations in friction coefficients against running time under 
various tribological conditions (Copyrights reserved) [82] 


in Fig. 9. Tribological traces depth increased 8 times from 
27 um at 20 °C to 253 um at 920 °C, this situation caused 
Ti-6AIl-4V alloy to be softer, and the resistance to wear was 
abridged significantly. 

Yang et al. [83] examined the wear and friction accom- 
plishment of Ti alloy counter to tungsten carbide that 
was oiled with phosphate ester. The materials used were 
Ti-6AI-4V and WC-Co, which is considered a useful tool 
for its high strength, elevated thermal conductivity, and 
against titanium. Friction experiments were executed by a 
ball-on-disc device under various lubricating environments. 
The disc was hardened Ti-6Al—4V with 35 HRC, the ball 
was tungsten carbide of diameter 10 mm. Both specimens 
were cleaned with ethanol and acetone prior to each test. 


The applied load was 100 N and the authors pointed out 
that the results of COF changed depending on the lubricant 
type used. When using deionized water, COF rises from 0.3 
to 0.45 as the sliding time increases. They declared that this 
lubricant failed to lubricate tungsten carbide and Ti-6AI-4V 
due to large values of COF. Even though triethanolamine 
borate was considered as a good lubricant and anti-wear 
additive, the COF produced was as large as 0.4, which is 
similar to water. Emulsion gave improved lubricating char- 
acteristics compared to other lubricants; hence the COF 
preserved a stable value of 0.18. The authors also pointed 
out that adding phosphate ester (PPE) lubricant with a con- 
centration equal to 1 wt % was the best lubrication method. 
Since the COF was not stable at the beginning of the test, but 
it decreased rapidly to 0.14 and remained stable till the test 
was over (see Fig. 10). They concluded that for Ti6Al-4V 
and tungsten carbide tribo-pair, PPE could supply efficient 
lubrication. Figure 11 depicts 3D images of the wear tracks 
with various lubricants. 

Egana et al.[84], studied both heat partition and friction 
characterization coefficients of Ti-6Al-4V and cemented 
carbide during machining. The test material Ti-6Al-4V 
was made as a cylindrical bar, cutting tools are done with 
cemented carbide pins; the pins were exposed to a polishing 
method to get rid of surface irregularity. The duration of 
each friction experiment was 10 s, sliding velocity ranged 
from 10 to 100 m/min at a contact pressure of 750, 1300, 
and 1500 MPa. A load of 100, 600, and 1000 N was applied 
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Fig. 10 Comparing coefficient of friction under emulsion and PPE solution within-increasing temperature (Copyrights reserved) [83] 
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Fig. 11 3D images of the tracks on Ti alloy lubricated by a water, b triethanolamine borate, c emulsion and d PPE (Copyrights reserved) [83] 


and most of the experiments were applied under dry con- adhered on cemented carbide pins. This adhesion turned out 
dition. Other tests were subjected to emulsion lubrication denser as contact pressure or sliding speed increased (over 
of 5% concentration. The authors indicated that the COF 0.75 GPa or 60 m/min). In addition, shearing of Ti exists 
dropped as sliding speed rises. Also, they found that Tihas between the in-movement bulk material and adhesive layer. 
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This effective adhesion is the major reason behind cutting 
tools rapid wear beyond sliding speed of 60 m/min. They 
also noticed a decrease from 50 to 30% in heat partition 
coefficient as the sliding speed rises from 10 to 100 m/min. 
Courbon et al. [85] examined the tribological characteristics 
of Ti-6Al1-4V and Inconel 718 under both cryogenic and 
dry conditions against carbide tools while machining. The 
materials used in the tests were a cylindrical bar of Inconel 
718 and Ti-6Al4V, where Ti-6Al-4V used was annealed 
and quenched whereas Inconel718 which is difficult to cut 
material [86] was hot rolled, aged, and solution treated. Pins 
were used as cutting tools, having a spherical shape and of 
cemented carbide material with grade (10% CO, 90% WC). 
The pins were coated with TiN, a layer thickness equal to 
4 um during the Inconel718 test, whereas the pins remained 
uncoated during the Ti-6AI-4V test. The duration of each 
friction test was 10 s and cutting speeds were between 10 and 
100 m/min. A 1000 N normal load was performed; 3 con- 
ditions took place during the tests (dry, cryo gas, and cryo 
liquid). The authors noticed that the COF for Ti-6Al-4V 
slightly drops as sliding speed increases, while the addition 
of cryogenic fluid (gas or liquid nitrogen) did not have any 
impact on the COF since it remained in the range of 0.2-0.3. 
Heat transmission was reduced due to the liquid nitrogen’s 
high cooling potential. Patil[87] experimented with the tri- 
bological performance of solid WC-—Co carbide in dry slid- 
ing condition. The applied materials were cemented carbide 
as pins, titanium Ti-6AIl—4V alloy as discs, and Molybde- 
num Disulphide as a lubricant (powder form) in addition to 
an oil lubricant (SAE-40). The author used M.D lubricant to 
ensure damage protection and to decrease wear and friction. 
Sliding trials were executed using a pin-on-disc device in 3 
distinct conditions, dry condition, lubricant condition (solid) 
and oil lubricant condition as shown in Table 2. The author 
investigated the behavior of COF against sliding velocity, 
wear behavior against sliding speed, and maximum tempera- 
ture against sliding speed. The author found that COF and 
tool wear gave better results in the case of solid lubrication 
condition in comparison to other environments. The author 
pointed out that the performance of both disc (Ti-6Al4V) 
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and pin (WC-Co) was preferable in the presence of solid 
lubricant. Temperature values were nearly linear stable in 
the case of this lubricant, whereas it increased slightly in 
cases of oil lubricant and rapidly in cases of the dry sliding 
condition. 

Jadhav et al. [88] experimented with the wear perfor- 
mance of coated carbide tools. They used the Electrostatic 
spray coating (ESC) method which is done by depositing 
electrostatic nanoparticles on the substrate. The material 
used in this study was tungsten carbide coated with YSZ 
nanoparticles. The coating acts as a thermal partition since 
it supplies outstanding performance at high-temperature 
purposes. Moreover, Ti-6A]—4V alloy was utilized in the 
trials, the authors performed 2 tests. In the first test, the 
Ti-6Al—4V specimen acted as a disc against tungsten car- 
bide (uncoated condition) pin, and in the second test, the 
Ti-6Al-4V disc versus tungsten carbide pin coated with 
YSZ nanoparticles. Both tests took place in dry sliding 
environment using pin-on-disc apparatus where the hard- 
ness of the pin was 1903.37 HV and the disc was 379.23 
HV. The tribological experiments were performed at dif- 
ferent sliding velocities at a given rotational velocity of 
500 rpm under a fixed load equal to 20 N. They investi- 
gated wear rate, pin temperature, COF and wear volume 
results by taking into consideration the sliding speeds 
of 0.75, 1.25, 1.75, 2.25, and 2.75 m/s, the experiment 
duration was 30 min. The authors noticed a better per- 
formance of parameters in the case of coated pins while 
worn surfaces occurred in uncoated pins hence damage 
described as degradation at the surface topside took place, 
deep groover and wear debris took place in the sliding 
direction. In addition, the authors found that in the pres- 
ence of YSZ coating, tungsten carbide gave healthy ther- 
mal shock durability. Niu et al. [89] inspected the wear 
and friction characteristics of different Ti alloys versus 
tungsten carbide under water lubrication and dry sliding 
environments. Unlike previous studies, the authors inves- 
tigated the behavior of TC4, TC18, and TA19 titanium 
alloys instead of Ti-6Al-4V counter to tungsten carbide 
in an ambient environment. Reciprocating-sliding friction 


Table 2 Test parameters for 
both disc (Ti-6AI44V) and pin 
(WC-Co) [87] 


Conditions 


Dry environment 


Solid lubricant condition 


Oil lubricant environment 


OmMOAN DN FP WN 


Test number 


Velocity Load Track radius Test duration 
600 RPM 20 N 10mm 8 min 

800 RPM 20 mm 

1000 RPM 30 mm 

600 RPM 10 mm 

800 RPM 20 mm 

1000 RPM 30 mm 

600 RPM 10 mm 

800 RPM 20 mm 

1000 RPM 30 mm 
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experiments were performed, and the materials used were 
3 flat titanium specimens (TC4, TC18, and TA19) in addi- 
tion to the tungsten carbide ball. Tests were carried out 
with water lubrication (26 °C, 30% humidity) and at dry- 
sliding conditions. The friction experiments were per- 
formed at a sliding velocity of 112 m/s for 20 min under a 
load of 3 N. They found that the COF raised from 0.24 to 
0.32 for TC4 specimen during the dry sliding condition, 
for TC18, the COF varied from 0.28 to 0.40, while as the 
sliding time increased, the COF of TA19 against WC—Co 
increased to 0.34 in 2 min. With water lubrication, COF 
and wear size dropped for both TC4 and TA19 titanium 
alloys. Nevertheless, the COF of TC18 titanium alloy was 
not affected during the water lubrication condition. 

Qu et al.[90] decided to explore the sliding wear and 
friction characteristics of Ti alloys against polymer, 
ceramic, and metal counter faces. The materials used were 
Ti-6AI4V and Ti-6AI-2SN-4Z4—2M0 (ti6242) is shown 
in Fig. 12. Wear and friction trials were carried out via pin- 
on-disc device, stainless steel represented the metal, silicon 
nitride and alumina represented the ceramic, and polytetra- 
fluoroethylene (PTFE) represented the polymer substance. 
The titanium specimen discs had a diameter of 63.5 mm 
and a thickness of 12.7 mm, the normal load applied was 
10 N and the experiment was conducted at a sliding span of 
500 m. The trials were performed in ambient air environ- 
ment with humidity and temperature of ranges 52-62% and 
18-22 °C, respectively. The authors found that both Ti alloys 
had the same wear and friction performance no matter about 
their compositions. Similarly, the friction fluctuations were 
large in cases of ceramic and metal balls sliding concern- 
ing titanium discs. In addition, they noticed that at lower 
sliding velocities, the COF was higher with considerable 
fluctuation. 


iia 0 um 
(a) Ti-6Al-4V 
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Xuedong et al. [91] investigated the tribo-chemical 
behavior of the titanium/tungsten carbide, tribo-pairs under 
an aqueous lubrication condition. Wear and friction assess- 
ments were performed at high speed on a block-ring tester, 
the tests were conducted under a normal applied load of 
100 N and the rotating velocity was 1.28 m/s, whereas the 
period of the test was 300 s. The authors pointed out that 
the boron which contained additive showed the best effec- 
tive anti-wear behavior. H. Çalışkan and M. Küçükköse 
investigated the outcome of aCN/TiAIN coating on the chip 
morphology, surface finish and cutter wear in face milling 
of Ti grade 5 alloy. They used AISI D2 steel discs of 3 mm 
thickness and 25 mm diameter, also carbide milling speci- 
mens were used for the cutting tests. The deposition of the 
coating was done via a magnetron sputtering system. The 
wear trials were performed with dry sliding environment 
on a pin-on-disc device at a sliding velocity of 10 cm/s and 
a load of 5 N. The tests were done at ambient temperature 
(25 °C). The authors found that the aCN/TiAIN coating 
gave a higher (19%) value of adhesion compared to AISI D2 
steel in the scratch examination, the aCN coating exhibited 
a lower wear rate of 95% and a 76% lower COF counter the 
Alumina balls. In addition, the aCN/TiAIN coating showed a 
higher resultant cutting force compared to commercial tools. 
Cadena et al. [92] inspected the effect of PVD (AICrN) coat- 
ing on decreasing the tool deterioration when machining Ti 
alloys. The trials were done on a pin-on-disc device and the 
authors found that the coating exhibited a low wear rate and 
COF when compared to previous studies [93]. Medina et al. 
[94] examined the tribological behavior of grade 5 Ti alloy 
counter with various coated CW pins. The material used was 
Ti-6AI-4V alloy sheets and pins made of 3 various types 
of inserts (H13A, 1105, and 4025), these CW tools were 
covered with (Ti, Al)N, and TiN, respectively. Tribological 


aia OM 
(b) Ti-6Al-2Sn-4Zr-2Mo 


03-0254-04 Ti6242 - etched 


Fig. 12 Microstructures of both Titanium alloys (Copyrights reserved) [90] 
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experiments were steered on a pin-on-disc device under both 
lubricated and dry conditions, where molybdenum disulfide 
was considered as a solid lubricant and SAE 5W-30 oil as 
a liquid lubricant. The sliding velocity was 0.55 m/s and 
the force applied was 50 N. The authors found that the 
usage of oil lubrication increased the COF but it generated 
a layer of debris and oil which protected the pin entirety. 
The COF value was smaller when tests were executed in dry 
or solid lubrication conditions. El-Tayeb et al. [95] exam- 
ined the outcome of cryogenic performance on Ti alloys. 
The materials used for their study were two specimens of 
Ti-5Al-4V-0.6Mo-0.4Fe (Ti54) and Ti-6AI-4V as shown 
in Fig. 13, pins made of Ti alloys, and the plates were of 
tungsten carbide. Tribological trials were performed via a 
pin-on-ring device at dry and cryogenic (liquid nitrogen) 
environments at different ranges of applied load, speed, and 
duration. It was found that the general COF of Ti54 alloy 
lessened at different loads, speeds, and times of sliding how- 
ever, the COF of Ti-6AI—4V increased at high loads and 
sliding time. Summarization of previous studies and research 
are given in Table 3. 


4 Overview on surface modifications 
and tribological behavior improvement 
methods of titanium and its alloys 


4.1 Different methods to improve surface 
and tribological characteristics 


Surface characteristics of various materials are often incon- 
venient in terms of adhesion properties, biocompatibility, 
wettability, etc., in this matter it is important to modify the 
tribological behavior, surface morphology, and material 
structure to gain a demanded surface finish. Several treat- 
ment methods have been implemented in the manner of 
improving these important parameters of Ti and its alloys. 
Revankar et al. proposed a technique for enhancing the wear 
resistance of Ti-6AI-4V by ball burnishing. The bars used 
were Ti-6Al—4V having a diameter of 12 mm. The ‘Ace 
turn-mill CNC Fanuc lathe’ was used for burnishing and 


Fig. 13 SEM micrographs of 
alpha and beta particles in Ti54 
and Ti64 alloys (Copyrights 
reserved) [94] 
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turning tests. In addition to the range of each parameters, 
they evaluated the burnishing feed, power, speed, and the 
number of passes. During the investigation, ball burnishing 
trials were carried out in lubricated environments with an oil 
lubricant (SAE-40). They discovered that the ball burnish- 
ing approach has promising potential as an effective surface 
treatment method for Ti alloys. Furthermore, the scientists 
discovered that after using the burnishing approach, sur- 
face microhardness rose from 340 to 405 m, while surface 
irregularity abridged from 0.45 to 0.12 um. As the burnish- 
ing force rose, the COF reduced. Another study to improve 
tribological and surface morphological behavior of titanium 
alloy was conducted by Quan et al.[101]. The authors devel- 
oped a promising and effective lubricant, which consists of 
polyethylene glycol (PEG) and Zn nanoparticles. Wear and 
friction trials were executed by a ball-on-disc device under 
an applied load of 100 N for 60 min, friction experiments 
were performed at ambient air condition (25 °C and 20-30% 
humidity). Ti-6AI-4V disc was polished and mechanically 
abraded in a way to attain a smoother surface. The author’s 
concluded that Zn nanoparticles with PEG could lead to a 
low COF, also the steady and strong oxide films can benefi- 
cially prohibit straight contact between friction pairs which 
will supply better boundary lubrication. Ion implantation, 
a method usually economical and viable that was utilized 
to enhance the surface morphological and tribological 
accomplishment of engineering materials. In this technique, 
ions of carbon or nitrogen accelerate and get attached to 
the surface of a material to improve its wear behavior, this 
technique is not a coating method but a method in which 
ions are implanted below the substrate surface and into the 
substrate materials matrix. The depth of implantation nor- 
mally ranges between 0.1 and 0.3 um, this process mainly 
takes from 2 to 10 h to be done. Allen et al.[102] examined 
the consequence of implanted ion in ultra-high molecular 
polyethylene counters grade 5 Ti alloy. The wear test was 
performed via a pin-on-disc machine with water-lubricated 
and dry environments with a load of 5 MPa at a sliding 
speed of 0.25 m/s. Few pins were ion-implanted and the 
discs were made of Ti-6AIl-4V alloy, discs were either 
oxidized or ion-implanted. Before each test, all specimens 
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Table 3 Summarization of previous studies and research 


References Materials/tools 


[64] Ti-6Al4V 
[65] Ti-6Al4V 
[66] Ti-6Al4V 
AISI M2 steel 
[67] Ti-6Al4V 
Ti-24A1-11Nb 
hardened steel 
[68] Ti-6Al4V 
GCr15 steel 
[71] Ti-6Al4V 
SS316L stainless steel 
[96] Ti-6Al4V 


GCr15 steel 


[73] Ti-6AI4V 


[74] Ti-6Al4V 
GCr15 steel 


[75] Ti-6AlI4V 
aluminum oxide 
[76] Ti-6AI4V 
TC11 
AISI 52100 steel 
[77] Ti-6AlI4V 
[78] Tungsten carbide 
TC4 
[79] Ti-6AI4V 
Silicon Nitride (Si3N4) 
[80] Ti-13Nb-—13Zr 
Ti-6AlI4V 
[82] WC-6Co cemented carbide 
Ti-6AlI4V 
[83] Ti-6AlI4V 
WC-Co tungsten carbide 
[84] Ti-6AI4V 


cemented carbide 


[85] Inconel 718 
Ti-6AlI4V 
carbide tools 

[87] Ti-6AlI4V 
Molybdenum Disulphide 
WC-Co carbide 
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Parameters 


Sliding velocities 0.3—0.8 m/s 

Sliding distance of 1770 m 

Loads of 35-200 N 

Dry sliding 

Ambient temperature and 450 °C 

200 N load 

Oscillation speed of 30 Hz 

Dry sliding 

Sliding velocities (0.3—0.8 m/s), Loads 
(between 50 and 200 N) 

Dry sliding 

Load of 15—45 N, sliding speed of 
1.88 m/s, dry sliding 


Sliding speeds between 30 and 70 m/s and 
duration of 100 s 


Speed ranges from 0.01 to 1.5 m/s, dry 
sliding, constant pressure contact 


Loads equal to 30 N, dry sliding, sliding 
speed range of 0.2 to 1.2 m/s and dis- 
tance of sliding 1000 m 


Normal load 5 N, dry sliding, lubricated 
conditions, sliding velocity 5 mm/s and 
sliding distance 1000 m 


Normal load ranged between 50 and 
250 N and 
temperature range of 25-500 °C 


Normal applied load 5 N, sliding speed of 
0.3 m/s and 400 m sliding distance 


Temperature range of 25—600 °C, 
50-250 N load, sliding speed of 1 m/s 
and 

dry sliding 

The sliding velocity of 50 revs/min, load 
of 5 N, medium of oil, water, or liquid 
nitrogen 

Normal load of 1 and 3 N lubricated by 
oil or water 


Sliding velocity was 4 mm/s, normal load 
9.8 N and dry condition 


Normal applied load ranged from 20 
to 60 N, sliding velocity of range 
0.26-1 m/s 


Temperature 20, 320, 620, and 920 °C 
Load 100 N 


100 N load, different lubricating condi- 
tions 


10-100 m/min speed, the contact pressure 
of 750, 1300, and 1500 MPa 
A normal load of 100, 600, and 1000 N 


10 and 100 m/min speed 
1000 N load, 10 s duration, dry, cryo gas, 
and cryo liquid conditions 


Dry sliding conditions, solid lubricant 
condition, oil lubricant environment, 
20 N load, 8 min duration and speed of 
600, 800, 1000 RPM 


(2022) 22:72 


Investigations 


Wear volume, wear rate, wear debris 


Coefficient of friction and gross slip 


Wear rate, wear debris, worn surfaces, sub- 
surface damage 


Wear rate and wear debris 


Worn surface, friction coefficient and wear 
rate 
Wear rate and wear resistance 


Coefficient of friction and wear rate 


Friction coefficient and wear resistance 


Worn surfaces, adhesive wear and abrasive 
wear 


Wear rate and volumetric wear 


Wear rate 


Wear resistance and surface hardness 


Wear behavior, adhesive wear and abrasive 
wear 
Wear rate and coefficient of friction 


Wear resistance 


Wear resistance and coefficient of friction 


Friction coefficients, worn surface and wear 
rate 


Friction coefficient and wear behavior 


Coefficient of friction and wear behavior 


Friction coefficient and wear behavior 
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Table 3 (continued) 
References Materials/tools Parameters 


[97] Ti-6AI4V 

coated tungsten carbide 

Yttria- 

Stabilized Zirconia (YSZ) 
[89] TC4 

TC18 

TA19 

tungsten carbide 


[98] Ti-6AlI4V 
Ti6242 
stainless steel 
silicon nitride, alumina 
polytetrafluoroethylene 


of 3N 


10 N load 


Sliding speeds are 0.75, 1.25, 1.75, 2.25, 
and 2.75 m/s, 20 N load, duration 
30 min and dry sliding 


Water lubrication 26 °C, 30% humidity, 
the sliding velocity of 112 m/s and load 


100 N load, 300 s duration, rotating 
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Investigations 


Wear debris and worn surfaces 


Friction coefficient and wear volume 


Wear and friction performance 


52-62% humidity and 18-22 °C temp 


Wear and friction performance 


velocity 1.28 m/s, aqueous lubrication 


Sliding velocity of 10 cm/s, load of 5 N, 


Friction coefficient and wear rate 


at ambient temperature (25 °C) 


Loads of 1, 5, and 10 N and sliding speed 


9.8 N Load, sliding speed 2 mm/s and 


Friction coefficients and wear rates 


The friction coefficient and wear rate 


[91] Tungsten carbide/titanium alloy 
condition 
[99] Ti6Al4V superalloy 
[92] Carbide tool 
0.10 m/s 
[100] Titanium carbide coating on titanium 
alloys duration 120 min 
[94] Ti6Al4V alloy 


Load 50 N, 0.55 m/s speed, oil lubrication Coefficient of friction and debris 


and dry conditions 


were conditioned in air and water, cleaned with acetone and 
dried. The authors stated that oxidation of Ti alloy resulted 
in improved mechanical properties and surface hardness 
boosted the wear behavior. Whereas, ion implantation gave a 
much better surface performance and wear resistance. Yilbas 
et al. [103] inspected the mechanical and tribological effect 
of Ti-6Al—4V alloy after undergoing plasma nitriding. Ti 
specimens were either nitrided or left untreated, the wear 
trials were done in a pin-on-disc device under ET025 oil 
lubrication condition. The rotational velocity was 35 rev/min 
and the applied load was 1 N whereas, the sliding speed was 
equal to 25 mm/s and 30 mm/s. AISI 52100 steel acted as 
ball material and the discs were titanium alloy specimens. 
The authors concluded that the plasma nitriding method 
improves the wear resistance. Onate et al. [104] examined 
the part of ion implantation in improving the tribological 
performance on different alloys including Ti-6AI-4V, they 
found that this method reduces frictional coefficient. Itoh 
et al. [105] also studied the impact of ion (nitrogen) implan- 
tation on the tribological features of Ti-6AI-4V. The speci- 
mens were used as discs of 3 mm thickness, some samples 
were implanted with nitrogen ions. Trials were conducted on 
ball-on-disc apparatus using ASTM 52100 steel balls. The 
load applied was 460 N and the sliding speed was equal to 
0.04 m/s with a duration of 1 h under lubrication condition 
(SAE 7.5W-30 oil). The authors indicated that the COF in 
the instance of Ti-6AI—4V alloy implanted with ions was 


lower than in the case of unimplanted specimens. Moreover, 
the implantation abridged the volumetric wear rate of both 
steel balls and titanium discs. 

Another method to enhance the tribological behavior of 
Ti alloys was executed by Azghandi et al. [106]. They stud- 
ied the influence of friction stir processing on the surface 
improvement of pure Ti alloy. Ti grade 2 specimens were 
used as shoulder tools and tungsten carbide acted as pins. 
They pointed out that the drop in worn and debris as a con- 
sequence of the rise in friction stir processing resulted in the 
wear rate drop and also the wear mechanism transformed 
from adhesive state to abrasive wear. Guleryuz et al. [107] 
calculated the effect of thermal oxidation on the wear per- 
formance of grade 5 titanium alloy under the dry sliding 
environment. They indicate that the surface rigidity of the 
alloy improved from 450 to 1300 HV before oxidation for 
60 h and at a temperature equal to 600 °C. Moreover, this 
rise in surface hardness caused an improvement in the wear 
resistance. The outcome of wear tracks for untreated and 
oxidized alloys are shown in Fig. 14. 


4.2 Surface texturing to improve the surface 
and tribological characteristics 


This procedure is applied to augment the tribological and 


friction behavior of materials where micro-structures like 
lubricant storage are produced on the surface of a material. 
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Fig. 14 SEM pictures of the produced wear tracks after test duration of 300 min: a untreated alloy; b oxidized alloy (Copyrights reserved) [107] 


In addition, this technique lessens the wear of the material 
surface. Pratap and Patra [108] identified that the surface 
wettability and tribological behavior of Ti-6AI-4V alloy 
were enhanced under mechanical surface modification 
[109]. Their study employed 3 sorts of mechanical micro- 
tools having various geometries (micro drill, micro flat end 
mill, and micro ball end mill) in a way to produce micro- 
dimples. They noticed that the micromachining process had 
an efficient effect on developing micro-dimpled surfaces 
of various end geometries. They added that the wettability 
improvement of Ti-6AI—-4V alloy is a result of the rough- 
ness factor because of the surface texture. Other methods 
such as micro drill textured surface (MDTS) and micro 
ball-end textured surface (MBETS) have shown improved 
wettability when compared to other surfaces. The authors 
pointed out, that these 2 surface methods are suitable for 
biomedical implants. Also, the MBETS method has shown 
the lowest COF compared to the rest of the surfaces, this 
low COF was due to improved wettability, increased surface 
hardness, and able to lock wear debris within the micro- 
dimples. Ghosh et al. [110], in contrast, identified that sur- 
face texturing is not able to create worth wear resistance 
when undergoing high loads. Kang et al. [111] examined 
the tribological effect of Ti alloy that was treated by surface 
texturing and nitriding methods. They investigated the influ- 
ence of the surface texturing technique on the tribological 
performance of nitrated Ti-6AI4V. Samples of Ti-6AI4V 
were nitrated at diverse temperatures ranges (750-950 °C) 
for 10 h in a special furnace (plasma nitriding type). The tri- 
bological effect of the specimen was identified by a ball-on- 
disc apparatus. The authors explained that the wear resist- 
ance of Ti-6AI-4V was improved effectively; the wear rate 
values dropped then increased as a nitriding temperature 
increased, this rate reached its minimum value at 900 °C 
whereas, COF increased due to the rise in roughness. In 
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addition, they found that the blend of surface texturing and 
nitriding methods could lessen the wear rate and COF at 
high nitriding temperatures. Singh et al. [112] inspected the 
wear impact of textured tools when cutting Ti-6AI-4V alloy 
under a graphene-assisted lubrication system. The authors 
concluded that under lubrication environment, better perfor- 
mance of wear resistance was found as displayed in Fig. 15. 


4.3 Surface coatings to improve the surface 
and tribological characteristics 


With an aim to improve the surface characteristics, and to 
reduce the wear rates and friction, there are different coat- 
ing procedures for instance wear-resistant coating methods 
(plasma nitriding, metal nitriding, sputtering, laser cladding, 
laser treatments, and laser gas alloying). These techniques 
are used to boost mutually the physical and mechanical prop- 
erties of the surface. Choosing the most suitable coating 
procedure plays a key role in attaining a good surface. Hsu 
and Li [113] pointed out that treating Ti-6Al4V surfaces 
with hydrothermal treatment improved the tribological per- 
formance of Ti-6AI-4V alloy. The surface of Ti-6AI4V 
alloy was managed in urea solution with subsequent heat 
treatment or even without it. They found that increasing 
urea concentration leads to the drop of hydrophilicity, higher 
hardness, and lessening in surface roughness. In Fig. 16, the 
TO.5 sample displays the least contact angle. The contact 
angle on the treated Ti-6AI-4V surface rises with urea solu- 
tion content. 

In another work, Datta et al. [114], considered cathodic 
arc deposition procedure to apply TiN coatings onto 
the Ti-6Al-4V. They identified the hardness of coating 
(33.41 +10 GPa) was approximately 7 times larger than 
Ti-6Al-4V alloy hardness with no coating, also the wear 
rate dropped in the case of TiN coating around 4 times 
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Fig.15 SEM images of carbide tools after turning of Ti6A14V alloy (Copyrights reserved) [112] 
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Fig. 16 The contact angles on a PT, b T0.5, c T1, d T3, e TO.5H, f T1H, and g T3H (Copyrights reserved) [113] 


lesser than that of uncoated Ti-6AI-4V. Danisman et al. 
[115] examined the effect of various coatings on Ti-6AI4V. 
They used TiAIN, TiCN, and TiN coatings and applied 
them on Ti-6AIl-4V. The wear resistance of Ti-6Al-4V 
was studied in the presence and absence of coatings. Dif- 
ferent loads and sliding speeds were performed during the 
test at room temperature in dry sliding environment. TiCN 
coating gave the least surface roughness among other coat- 
ings. Better roughness values can be ordered by TiN coating, 
Ti-6AI-4V uncoated alloy, TiAIN then lastly TiCN coating. 
The authors pointed out that TiN coating gave a better wear 
rate and friction results concerning uncoated and coated. 
Shao et al. [116] inspected the character of surface coating 
in improving the wear performance of Ti-6AI-4V alloy. The 
authors first coated the alloy using the CS-coating method 


with alumina-reinforced aluminum by cold spraying, then 
the coated alloy was processed using PEO (plasma elec- 
trolytic oxidation). They concluded that the formed PEO 
coating on the Ti alloy and CS-coating together exhibited 
the finest wear resistance compared to untreated Ti-6AI4V 
alloy. In addition, they carried out that the blend of both cold 
spraying and PEO, a promising method when it comes to 
the improvement of Ti alloy wear performance. Roy et al. 
[117], investigated the impact of Hank’s solution on the wear 
performance of Ti grade 5 alloy coated with Cr3C2-NiCr. 
The authors noticed a development in resistance to wear 
and hardness of the coated specimen when compared to the 
substrate. Briefly, surface texturing methods show an effi- 
cient drop in the coefficient of friction for various biomedi- 
cal implants and applications (Table 4). 


D Springer 


72 Page 18 of 23 


Table 4 Summarization of Surface alteration methods applied to improve tribological behavior of Ti alloys 


References Method 


[101] Effective lubricant 

[102] Ion implantation 

[103] Plasma nitriding 

[104] Ion implantation 

[105] Ion (nitrogen) implantation 

[106] Influence of friction stir processing 

[107] Thermal oxidation 

[108] Mechanical surface modification 

[110] Surface texturing 

[111] Surface texturing and nitriding 
methods 

[112] Graphene-assisted lubrication 

[113] Hydrothermal treatment 

[114] Cathodic arc deposition 

[115] TiA1n, TiCN, and TiN coatings 

{117] Impact of Hank’s solution 


Author/year 


Quan et al. 2020 


Allen et al. 1996 


Yilbas et al. 1996 


Onate et al. 1998 


Itoh et al. 1998 


Azghandi et al. 2019 


Guleryuz et al. 2004 


Pratap and Patra 2018 


Ghosh et al. 2015 


Kang et al. 2019 


Singh et al. 2020 


Hsu and Li 2018 


Datta et al. 2018 


Danisman et al. 2018 


Roy et al. 2017 


Archives of Civil and Mechanical Engineering 


Materials/tools 


Ti-6AI4V 
Zn nanoparticles 


polyethylene glycol (PEG) 


Ti64 alloy 


ET025 oil 
Ti-6AlI4V 
AISI 52100 steel 


Ti64 


Ti-6AI4V 
nitrogen ions 
ASTM 52100 steel 


Titanium grade 2 


Ti-6AI4V 
TiO2 


Ti-6AI4V 


Ti-OAI4V 


Ti-OAI4V 


Ti-6AI4V 


Ti-OAI4V 


TiN coatings 
Ti-6AI4V 


TioAMV 


TiAln, TiCN, and TiN coatings 


TioAMV 
Cr3C2-NiCr 


(2022) 22:72 


Results 


Low coefficient of friction 

Better boundary lubrication execu- 
tion 

Improvement of wear behavior of 
the alloy 

Much better surface performance and 
wear resistance 


Improves the COF and increases the 
wear behavior 


Reduces friction coefficient 
Reduces the chemical affinity of 
contacting surfaces 


The COF in the case of Ti64 alloy 
implanted with nitrogen ions slid- 
ing counter steel was lower than 
the case of unimplanted specimens 

Implantation reduced the volumetric 
wear rate of both steel balls and 
titanium discs 


Drop-in worn and debris as a 
consequence of the rise in friction 
stir processing resulted in the wear 
rate drop 

Wear mechanism changed from 
adhesive state to abrasive wear 


An increase in surface hardness 
resulted in an improvement in the 
wear resistance 


Low friction coefficient 
ability to lock wear debris 
Improved wettability 


Weak wear resistance when undergo- 
ing high loads 

Wear resistance enhanced effectively 

The coefficient of friction increased 
due to roughness increase 


Better performance of wear resist- 
ance 


Increasing urea concentration leads 
to the drop of hydrophilicity, higher 
hardness, and surface roughened is 
reduced 


Wear rate dropped in the case of TiN 
coating around 4 times lesser than 
that of uncoated Ti-6AI-4V alloy 


Better roughness values can be 
ordered by TiN coating 

TiN coating gave better wear rate 
and friction results when compared 
to uncoated Ti-6Al-4V and TiCN 
plus TialN 


Improvement in wear resistance and 
hardness of the coated specimen 
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Table 4 (continued) 
References Method Author/year 


[118] Ball burnishing Revankar et al. 2016 


[119] CS-coating Shao et al. 2021 


Materials/tools 


Ti-6AlI4V 


Ti-6AlI4V 
alumina-reinforced aluminum 
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Results 


Microhardness increased 

Surface roughness dropped 

The friction coefficient dropped 
when the burnishing speed, the 
number of passes, and the feed 
increased 

The coefficient of friction increased 
as the burnishing force increases 


PEO and CS-coating together exhib- 
ited the finest wear resistance 

The combination of both cold spray- 
ing and PEO improves titanium 
alloy wear performance 


5 Conclusions 


Titanium, a metal with many desirable characteristics from 
lightweight, great strength, and good resistance against 
corrosive conditions. Titanium alloys have higher strength 
compared to material types such as light metal alloys, 
steels, nickel alloys, etc., according to the relationship 
between a certain yield strength and density (6g /density). 


e This metal is divided into several types and grades of 
various chemical compositions and mechanical proper- 
ties. The wide use of titanium alloys especially grade 5 
alloy in biomedical, automotive, aerospace, etc., makes 
this alloy an important material due to its important 
characteristics especially for lightweight applica- 
tions even though it is considered a hard alloy to be 
machined. 

e According to the importance of titanium and its alloys, it 
is preferable to be aware of tribological behavior knowl- 
edge of this metal and how to improve both their wear 
and friction coefficient performance. 

e Titanium alloys exhibit strong adhesion, severe adhesive 
wear, and high and unstable friction when sliding against 
nearly any technical material as a result of their crystal 
and electronic structure, poor lubrication, and low ther- 
mal conductivity. 

e Besides being susceptible to abrasion wear, titanium 
and its alloys also have a poor hardness that cannot be 
significantly improved by heat treatment, either in bulk 
or at the surface. As a result of their high tendency for 
adhesion and friction, titanium and its alloys are prone 
to fretting damage when combined with stainless steels 
such as austenitic or martensitic steels. Surface damage 
created by fretting wear will serve as fracture initiation 
sites in titanium and comparable alloys because of the 
high adhesion-induced damaging mixed fretting wear 
that occurs in these materials. 


e The current work is an endeavor to sum various stud- 
ies carried out on the tribological characteristics of 
titanium alloys especially Ti-6Al—4V during dry and 
lubricant sliding conditions against different counter 
materials in diverse environmental conditions. 

e The review focuses on the various used counter bod- 
ies, their input characteristics, their tribological per- 
formance, type of test performed, environmental con- 
ditions, lubricants used, behavior of titanium alloys 
against such counter bodies, and other notable closures. 
Moreover, the review also encompasses surface modi- 
fication and improvement techniques used to enhance 
the tribological and surface morphological behavior of 
titanium alloys. 

e In the future, more work related to different materi- 
als and their tribological characteristics could be por- 
trayed. The new technological development such as 
environmental-friendly lubricants, greases, etc. could 
be implemented in the future to solve the tribological 
issues of other materials. 
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